We show that the specific contact resistance, C , of Ti/Al/Ni/Au contacts can be reduced by up to two orders of magnitude to a record low of 2.7 x 10 -8 cm 2 by implanting and annealing the GaN at 1200°C for 10 min with annealing and the initial doping concentration playing important roles along with the implant. Our AFM results suggest that the preferential evaporation of N is not an important factor because the surface was protected by our patented annealing cap, composed of a thin low temperature MOCVD (metal-organic chemical vapor deposition) AlN adhesion layer and a thicker sputtered AlN mechanical layer [1] .
A pair of 2 μm thick GaN films were grown at 1100°C on sapphire substrates by MOCVD using a low temperature GaN buffer layer. They were unintentionally doped or doped with SiH 4 , and the carrier concentrations and specific contact resistance, C , were measured on small samples cut from the wafers before the wafers were further processed. Using a gold mask TLM patterns were fabricated on one film in each pair and were implanted with Si with a dose of 1.5 x 10 15 cm -2 at 60 keV and a similar dose at 30 keV [2] , and the profile was computed using the TRIM program. 8 x 10 mm samples were cut from the wafers, and an 80 nm MOCVD AlN film was deposited on them at 600°C followed by the sputter deposition at 400°C of a 1 μm thick AlN film. One implanted sample was paired with one that was not, and they were annealed together at 1100, 1150, 1200, or 1250°C for 2, 5 or 10 min. After the AlN had been etched off in warm KOH, the RMS surface roughness of the GaN films was measured over 5 x 5 or 25 x 25 μm areas. Each set of TLM patterns was isolated by an RIE etch, Ti/Al/Ni/Au (10/100/50/20 nm) contact pads were deposited, they were annealed for 30 sec at 800°C, and C was measured.
The carrier concentration for the doped wafers was 6.67 x 10 16 or 3.56 x 10 17 cm -3 , and C in the unprocessed samples was 3.95 x 10 -5 cm 2 in the lower doped sample and 3.90 x 10 -6 cm 2 in the higher doped sample; Ohmic contacts could not be made to the unintentionally doped sample. The TRIM calculations in Fig. 1 show that the max implanted concentration is 5.6 x 10 20 cm -3 at a depth of 21 nm, and it drops off abruptly at ~ 50 nm. The AFM measurements show that the rms roughness increases slowly with the annealing temperature, T A , for all but the 1250°C anneal, and even at that T A no hexagonal etch pits that are indicative of the preferential evaporation of N were found. Coupled with the observations that our annealing caps stayed intact, we conclude that very little N was lost by evaporation. The surface roughness does, however, increase with T A indicating there is some motion of the atoms on the surface. For example for the higher doped and implanted samples annealed for 10 min, the rms roughness increased from 0.623 to 0.685 to 1.086 to 3.196 nm as T A was increased from 1100 to 1250°C in 50°C increments. A 5 x 5 μm AFM micrograph of an implanted sample annealed at 1200°C for 10 min is shown in Fig. 2 . In the C vs T A plot in Fig. 3 for the higher doped wafer one can see that for the implanted samples C is lower than it is for the as-grown sample except for the samples annealed for 2 or 5 min at 1100°C. We interpret this to mean that the implants have not been sufficiently activated. C decreases with T A and the annealing time, t A , up to 1200°C reaching its lowest value of 2.66 x 10 -8 cm 2 for t A = 10 min. This compares favorably with the lowest value we could find of 3.6 x 10 -8 cm 2 found by Burm, et al [3] in their implanted samples that appear to have a considerable amount of thermal damage. It is also much lower than the ~ 10 -6 cm 2 for the as-deposited samples often cited in the literature. For the wafer that was not implanted, C is marginally higher after the 1100°C anneals, but it is lower after the 1150°C anneals, and it also decreases with t A suggesting that annealing by itself can play a critical role in reducing C . After the 2 min 1200°C anneal, C is also substantially lower, but, unlike the implanted sample it generally increases with t A . For the lower doped implanted wafer, C is larger than it is for the as-grown material for the 978-1-4244-6031-1/09/$26.00 ©2009 IEEE sample annealed at 1100°C for 2 min, and it decreases with t A . It also generally decreases with T A up to 1200°C. This again suggests that the larger C is due to incomplete activation of the implanted Si. However, C for the lower doped sample is at least twice as large as it is for comparably annealed higher doped samples, and it can be more than 70 times larger, as it is for the 10 min 1150°C anneal. This indicates that the original doping concentration is an important factor even when the contact is implanted. Annealing the samples even when they are not implanted can also lower C , but the effect is less pronounced; the most beneficial effects are obtained when T A = 1150°C. Work on the unintentionally doped sample is ongoing and will be reported on at the conference. 
